= material elasticities e = piezoelectric constants K = stiffness matrix M = generalized mass matrix u = displacement vector V = applied voltage 8ij = Kronecker delta e = infinitesimal strain tensor £ = dielectric permittivity p = mass density o-= stress tensor
) illustrating the use of piezoceramic (PZT) elements to control the vibrations of a beam. Here we illucidate the use of PZTs as sensors and actuators to control the deflection of the centroid of a rectangular plate suddenly subjected to a uniformly distributed load.
Formulation of the Problem
We consider a 0.3 m x 0.3 m x 1.8 mm aluminum plate simply supported on two opposite edges with PZTs affixed to its top and bottom surfaces as shown in Fig. 1 . The technique developed herein is valid for plates of other dimensions, materials, and support conditions. The PZT element at the centroid of the plate is used as a sensor and the other PZT elements are used as actuators. We employ the first-order shear deformation theory to study elastic deformations of the plate and the PZTs. The PZTs are assumed to be perfectly bonded to the plate surfaces through adhesives of negligible thicknesses, and displacements and surface tractions across the interfaces between the PZTs and the plate are taken to be continuous. Whereas the plate material is modeled by Hooke's law and is taken to be isotropic, the PZTs are transversely isotropic with electroelastic response given by
M = [c]{e] -[e]
T {E]
Here E = -grad V is the electric field vector. For a transversely isotropic material, matrices c, e, and £ are sparsely populated, e.g., see Halpin. 4 As is the practice in thin-plate theory we set <r 33 and 633 = 0 (see Fig. 1 for the choice of coordinate axes). The displacement u of any point of the plate is taken as
where M° gives the displacement of a point on the midsurface #3 = 0 of the plate; fa , 0 2 af e angles of rotation of the normal to the midsurface of the plate about the x 2 and jci axes, respectively, and 03 E= 0.
Instead of working with the deflection equation for a plate, we start with the balance of linear momentum and the Maxwell equation
where an overdot indicates the material time derivative, a comma followed by index j implies partial differentiation with respect to Xj , and a repeated index implies summation over the range of the index. The pertinent initial and boundary conditions are 
at *i = 0,0.3m. Following Hughes 5 we derive a weak formulation of Eqs. (3) and (4). The semidiscrete formulation of Eq. (3) is
where U is the matrix of extended displacements defined at points on the midsurface of the plate, F is the resultant force corresponding to the applied loads, and F c is the force exerted by the PZTs onto the plate or that experienced by the PZT sensor. We note that for the PZT, F c is proportional to the applied voltage. Since a uniform voltage is to be applied to the PZTs, Eq. (4) is satisfied almost everywhere in the region occupied by the actuators. For the PZT sensor, we observe the average response and find the resultant voltage from F c in Eq. (8). Most structural members exhibit internal damping; an approximate way to account for it is to modify Eq. (8) to
MU +CU
where C is the damping matrix and is generally taken to be a linear combination of M and K. Here we take 
Results and Discussion
To analyze the problem just formulated, we have developed a finite element code that employs four-noded Lagrangian elements and a consistent mass matrix. All nonzero elements of the stiffness matrix except those corresponding to shearing are evaluated by using the 2 x 2 Gaussian quadrature rule, and those corresponding to shearing are evaluated by using the one-point quadrature rule and a shear correction factor of 5/6. The coupled linear ordinary differential equations (9) are integrated numerically by using the unconditionally stable Newmark method (e.g., see Hughes For a uniformly distributed load of 10 N/m 2 suddenly applied to the upper surface of the plate at time t = 0 and then kept fixed, Fig. 2 shows the time history of the sensor output. The amplitude of the output steadily decreases because of the Rayleigh damping considered; some damping is also introduced by the numerical algorithm. Results plotted in Fig. 3 elucidate that actuators are effective in controlling the vertical deflection of the centroid of the plate when a displacement type controller with a gain of 5 x 10 24 V/C-mm is employed. A challenging task is to design multi-input multi-output controller to simultaneously annul the deflections of several points in the plate. 
